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OPTICAL WAVEGUIDE TERMINATION WITH VERTICAL AND 

HORIZONTAL MODE SHAPING 

Field of the Invention 

The present invention relates generally to optical integrated circuits (QIC), and 
particularly to, a structure for coupling optical waveguides. 

Background of the Invention 

Optical communications are evolving as the chosen technique for data and voice 
communications. Currently most OICs in the optical network are passive components 
that are discretely packaged, providing a singular functionality such as power splitting 
an optical signal into several signals (1 X N), creating (N x M) switches for optical • 
signals, equalizing or attenuating signals, wavelength demultiplexing via arrayed 
waveguide gratings, or adding and dropping selected wavelengths into the optical path 
(Optical Add -Drop Multiplexing). Higher levels of integration may combine several 
of these functions on a single OIC chip. In addition the hybrid integration of active dies 
such as lasers, modulators, and photodetectors has been accomplished and is gaining in 
popularity as more mature manufacturing methods are developed. 

Although the technology is maturing rapidly, optical integrated circuits are still an 
order of magnitude larger than their electrical counterparts because of the large bend 
radius, large core size, and limited mode confinement of current, "low delta-n" (low 
refractive index differential) planar optical circuits. For example, planar waveguide 
cores that have the same mode field diameter of current teleconmaiunications fiber can 
cause an 8x8 optical switch with power equalization to consume an entire 100 mm 
wafer. The reason large core size and low index contrast between the core and cladding 
are presently used in the cunrent generation of OICs is to achieve a mode match between 
the current single mode optical fiber used in the networks and the OIC. Such mode 
matching achieves low coupling loss between the OIC and the optical fibers that connect 
it to the rest of the network. However, only limited density per wafer can be achieved 
in such OICs. Consequently, there is a desire to increase the index contrast to allow 
better utilization of wafer surface real estate and thus permit higher levels of 
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functionality to be achieved. Such high index contrast OICs are often referred to as ''high 
delta-n" waveguides, referring to a large (e.g., 2% - 10%) difference between the core 
and cladding refractive indices in the OIC planar waveguides. 

To achieve high packing density in optical circuits, the difference in refractive index 
5 between the core and the cladding should be increased so that the core size may be 
reduced. Accordingly, high delta-n waveguides allow for decreased core size and tighter 
turning radii at equal energy loss, and allow for less crosstalk for closely spaced 
waveguides due to better mode confinement in the core. In addition, since the core in a 
high delta-n waveguide may be thinner and the mode is more tightiy confined, the 
10 thickness of the core and cladding layers used to make the planar waveguide of the OIC 
become thinner. This can reduce the costs and challenges in fabricating a high delta*-n 
OIC, especially those made using traditional inorganic glasses that utilize etched cores. 

Despite such potential benefits, high delta-n waveguides yet remain to be adopted 
due to a number of challenges. One of the greatest challenges preventing the commercial 
15 use of high delta~n waveguides is that high delta-n waveguides are not well suited for 
direct coupling to commonly used single mode optical fiber that typically has a 7 |xm to 
9 [Jim mode field diameter. The lack of compatibility between such components is 
understood in terms of optical mode theory. 

Planar optical waveguides, including high delta-n waveguides, and optical fiber 
20 waveguides useful in high-speed and long-haul optical transmission systems often are 
designed to support a single mode. Stated differenfly, the waveguides are designed such 
that the wave equation has one discrete solution; although an infinite number of 
continuous solutions (propagation constants) may be had. The discrete solution is that 
of a confined mode, while the continuous solutions are those of radiation modes. 

25 Because each waveguide will have a different discrete (eigenvalue) solution for its 

confined mode, it is fair to say that two disparate waveguides, such as an optical fiber 
and a planar waveguide, generally will not have the same solution for a single confined 
mode. As such, in order to improve the efficiency of the optical coupling, it is necessary 
to have a waveguide transition region between the planar waveguide of the OIC and the 

30 optical fiber. This transition region ideally enables adiabatic compression or expansion 
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of the mode so that efficient coupling of the mode from one type of waveguide to 
another can be carried out. 

As mentioned, optical fibers typically support mode sizes (electromagnetic field 
spatial distributions) that are much larger, both in the horizontal and vertical directions 
5 than modes supported by high delta-n waveguide structures, such as planar waveguides. 
Therefore, a challenge is to provide a waveguide transition region that enables adiabatic 
expansion of the mode so that it is supported by the optical fiber. Moreover, it is useful 
to achieve the adiabatic expansion of the mode in both the horizontal and vertical 
directions. Fabricating a waveguide to effect adiabatic expansion of the mode in the 
10 vertical direction has proven difficult using conventional fabrication techniques. For 
example, tapering the thickness of the waveguide to effect the vertical adiabatic 
expansion of the mode is exceedingly difficult by conventional techniques. 

* 

Consequently, there remains a need in the field for devices for effecting efficient 
coupling between waveguides having disparate characteristic modes, such as mode 
15 mismatch between high delta-n waveguides, ( e.g., ridge lasers and silicon-on-insulator 
(SOI) rib waveguides), asynmietric mode devices, and prevailing (low) delta-n 
waveguides (e.g., single mode fiber). 

Siiminar y nf the Invention 
According to an exemplary embodiment of the present invention an optical device 

20 is disclosed comprising a single-mode waveguide which supports a first optical mode 
in a first region and a second optical mode in a second region, the waveguide including 
a guiding layer having at least one wing extending outwardly from the guiding layer. 
Desirably, the waveguide may have two wings so that the waveguide may have a cross- 
sectional shape of a rib waveguide for coupling an optical device of the present 

25 invention to a rib waveguide device. The wings may decrease in width along the length 
of the guiding layer to convert a mode from a rib waveguide mode to a channel 
waveguide mode. The waveguide may also include a guiding layer having a lower 
portion with a first taper and an upper portion with a second taper. The lower portion 
of the guiding layer may taper from a first width to a second width, and the upper portion 
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may taper from the, first width to a point. The guiding layer made desirably be provided 
as a single material layer. 

Brief Description of the Drawings 

The foregoing summary and the following detailed description of the preferred 
embodiments of the present invention will be best understood when read in conjunction 
with the appended drawings, in which: 

Figure 1(a) is a top view of waveguide according to an illustrative embodiment of 
the present invention; 

Figure 1(b) is a perspective view of the waveguide shown in Figure 1(a); 

Figure 1(c) is a side elevational view of the waveguide of Figure 1(a) of a 
waveguide according to an illustrative embodiment of the present invention; 

Figure 2(a) is a perspective view of a waveguide coupled to an optical fiber in 
accordance with an illustrative embodiment of the present invention; 

Figure 2(b) is a top view of a waveguide according to an illustrative embodiment 
of the present invention; 

Figures 3(a)-3(f) are graphical representations of the electric field distributions of 
optical modes at various regions of a waveguide according to an illustrative embodiment 
of the present invention; 

Figures 4(a)-4(d) are top views of guiding layers of waveguides in accordance with 
illustrative embodiments of the present invention; 

Figure 5 is a perspective view of an illustrative embodiment of the present 
invention; 

Figure 6 is a perspective view of an illustrative embodiment of the present 
invention; 

Figure 7(a) is a perspective view of a waveguide according to an illustrative 
embodiment of the present invention in which the waveguide includes wings for 
coupling to a rib waveguide; 

Figure 7(b) is an end elevational view of the waveguide of Figure 7(a) showing the 
end of the waveguide that includes the wings; 

Figure 7(c) is a top view of the waveguide of Figure 7(a); 



wo 03/050580 PCT/US02/38553 

Figure 7(d) is a perspective view a waveguide similar in configuration to that shown 
in Figure 7(a), but having wings of tapered thickness; 

Figures 8(a) and 8(b) are top views of waveguides according to the present 
invention having further exenaplary wing configurations; and 
5 Figure 9 is a top view of a waveguide according to an illustrative embodiment of 

the present invention similar to that of Figure 8(a), but having an upper waveguide 
portion of decreased width. 

Defined Terms : 

1 . As used herein, the term "on" may mean directly on or having one or more layers 
10 therebetween, 

2. As used herein, the term ^'single material" includes materials having a 
substantially uniform stoichiometry. These materials may or may not be doped. 
Illustrative materials include, but are in no way limited to silicon, SiO^y, SiO^, Si3N4 
and InP. Moreover, as used herein, the temi single material includes nanocomposite 

15 materials, organic glass materials. 

3. As used herein, the term "bisect" may mean to divide into two equal parts. 
Alternatively, the term "bisect" may mean to divide into two unequal parts. 

Detailed Description of the Invention 

In the following detailed description, for purposes of explanation and not limitation, 
20 exemplary embodiments disclosing specific details are set froth in order to provide a 
thorough understanding of the present invention. However, it will be apparent to one 
having ordinary skill in the art having had the benefit of the present disclosure, that the 
present invention may be practiced in other embodiments that depart from the specific 
details disclosed herein. Moreover, descriptions of well-known devices, methods and 
25 materials may be omitted so as to not obscure the description of the present invention. 

Briefly, the present invention relates to an optical waveguide which fosters 
adiabatic mode expansion/compression thereby enabling optical coupling between a first 
waveguide, which supports a first optical mode and a second waveguide, which supports 
a second optical mode. According to an exemplary embodiment, the waveguide supports 
30 a first optical mode in a first region and a second optical mode in a second region. The 
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waveguide of the present invention illustratively couples a planar waveguide, such as a 
channel waveguide or a rib waveguide, of the OIC to an optical fiber or another 
waveguide of an optical communications system. The waveguide may include a single 
material guiding layer having a lower portion with a first taper and an upper portion with 
a second taper. According to another exemplary embodiment of the present invention, 
an optical device is disclosed which includes a waveguide having a single material 
guiding layer. The single material guiding layer has a lower portion, which tapers firom 
a first width to a second width, and an upper portion which tapers fix)m the first width 
to a point 

The single material may be disposed on a stress compensating layer, which is used 
to reduce stress induced polarization mode dispersion and temperature induced 
polarization mode dispersion. This stress compensating layer will not substantially 
impact the optical characteristics of a waveguide. According to yet another exemplary 
embodiment of the present invention, an optical device is disclosed which includes a 
waveguide having a guiding layer with two wings extending outwardly firom the guiding 
layer. The wings are provided at a selected end of the waveguide to provide an endface 
of the waveguide well-suited to coupling to a rib waveguide of the OIC. 

The waveguide according to exemplary embodiments described herein may be an 
integral part of an OIC formed during the fabrication of the OIC. Of course, multiple 
waveguides may be used to couple multiple optical fibers at various locations of the 
OIC. For example, an 8 channel fiber array could be efficiently coupled to a 8 channel 
SOI waveguide by utilizing a device incorporating multiple waveguides of the present 
invention. Such a configuration prevents the need for expensive up-tapers in the SOI 
waveguide by solving the mode matching challenges in one interposer chip of the 
present invention. 

Refening now to the figures. Figs. 1(a) and 1(b) show a waveguide 100 according 
to an illustrative embodiment of the present invention. A guiding layer 101 is disposed 
on a lower cladding layer 102. The guiding layer 101 is illustratively a single material. 
An upper cladding layer (not shown) covers the guiding layer 101. The indices of 
refi'action of the upper and lower cladding layers may or may not be the same. In all 
cases, the indices of refraction of the upper and lower cladding layers are less than the 
index of refraction (n^ of the guiding layer 101. The waveguide 100 includes a first 
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region 103 and a second region 104. The guiding layer 101 further includes an upper 
portion 105 and a lower portion 106. The upper portion 105 tapers at an angle 62 relative 
to the edge 107 of the guiding layer 101. The lower portion 106 tapers at an angle 0| 
relative to the edge 107 of the guiding layer 101. 
5 Reducing the thickness and width of the guiding layer 101 effects substantially 

adiabatic expansion/compression of an optical mode traversing the waveguide. (As 
would be readily apparent to one having ordinary skill in the art, adiabatic expansion of 
a mode occurs when the mode is traveling in the +z-direction; while from the reciprocity 
principle of optics, adiabatic compression occurs when the mode is traveling in the -z- 

10 direction). As the width of the guiding layer 101 reduces along a first taper 108 from a 
width Wi to effectively zero width the termination point 109, the effective index of 
refraction is reduced. Moreover, the guiding layer 101 reduces along second taper 111 
from a width Wj to a width W2, a finite width, at endface 110. Again, the effective index 
of refraction decreases as the width of the guiding layer 101 decreases. Due to the 

15 reduction in tfie effective index of refraction, the horizontal portion of the optical mode 
expands (is less confined in the guiding layer 101) as the mode traverses the waveguide 
in the +z-direction. Fabrication of the first taper 108 and second taper 1 1 1 of the guiding 
layer 101 may be carried out by well known techniques, as described in further detail 
below. 

20 Of course, it is also useful to adiabatically expand/compress the vertical portion of 

the optical mode. In order that the vertical portion of the optical mode undergoes 
substantially adiabatic expansion/compression, the thickness of the guiding layer is 
reduced. 

Turning to Fig. 1(c), a side elevational view of the illustrative embodiment of Fig. 

25 1(a) is shown. In this embodiment, the thickness of guiding layer 101 reduces in the +z- 
direction from a thickness ti to a thickness t2 as shown. An upper cladding layer (not 
shown) may cover the guiding layer 101. While the single material used for guiding 
layer 101 has an index of refraction ng as the thickness of the guiding layer 101 is 
reduced from a thickness tj to a thickness tj, the effective thickness of refraction is 

30 reduced. Accordingly, the vertical portion of an optical mode traversing the guiding 
layer 101 in the +z-direction will expand, as it is less confined to the guiding layer 101. 
Finally, according to the illustrative embodiment of the present invention shown in Figs. 



wo 03/050580 



PCT/US02/38553 



1(a) and 1(b), the endface 110 of the guiding layer 101 has a width Wj, thickness tj and 
index of refraction that produce an optical mode well matched to that of an optical fiber. 
Accordingly, the single optical mode supported by the waveguide 100 at endface 110 
will also be one which is supported by an optical fiber. As such, good optical coupling 
between the guiding layer 101 of the waveguide 100 and the guiding layer of an optical 
fiber (not shown) results. 

The waveguide 100 according to exemplary embodiments of the present invention 
may be fabricated so that the upper portion and lower portion of the guiding layer 101 
are symmetric about a plane which longitudinally bisects the guiding layer 101. 
Altematively, the waveguide 100 according to exemplary embodiments of the present 
invention may be fabricated so that the upper portion, or the upper portion and the lower 
portion, of the guiding layer 101 are asymmetric about an axis which bisects the 
waveguide 100, In addition, a waveguide according to exemplaiy embodiment of the 
present invention may be fabricated to include one or more wings extending outwardly 
from the guiding layer. The wings may be disposed at an endface of the waveguide so 
that that endface is particularly suited to coupling to a rib waveguide. These and other 
exemplary embodiments of the present invention are described in the examples 
described below. 

EXAMPLE I 

Turning to Fig. 2(a), a perspective view of a waveguide 200 according to an 
exemplary embodiment of the present invention is shown. A lower cladding layer 202 
is disposed on a substrate 201. A guiding layer 203 is disposed on lower cladding layer 
202. Waveguide 200 has a first region 204 and a second region 205. The guiding layer 
203 includes a lower portion 206 and an upper portion 207. An optical mode is coupled 
from an endface 209 to an optical fiber 208. For the purposes of ease of discussion, an 
upper cladding layer is not shown in Fig. 2(a). This upper cladding layer would cover 
the guiding layer 203. The upper cladding layer, guiding layer 203 and lower cladding 
layer 202 form a waveguide 200 according to an illustrative embodiment of the present 
invention. The upper cladding layer may have the same index of refraction as the lower 
cladding layer 202. Altematively, the upper cladding layer may have a higher (or lower) 
index of refraction as the lower cladding layer 202. The guiding layer 203 has an index 
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of refraction, n« which is greatea: than the indices of refraction of both the upper 
cladding layer and lower cladding layer 202. Finally, according to the illustrative 
embodiment of the present example of the invention, the upper portion 207 and lower 
portion 206 are symmetric about an axis 210 that bisects guiding layer 200, as shown in 
Fig. 2(b). 

As mentioned above, it may be desirable to couple an optical fiber 208 to an OIC 
(not shown). This coupling may be achieved by coupling the optical fiber to a planar 
waveguide (not shown) of the OIC. However, the planar waveguide supports a JQrst 
optical mode and the optical fiber 208 supports a second optical mode. As such, the first 
optical mode of the planar waveguide will not be support by the optical fiber in an 
efficient manner, and a significant portion of the energy of the first optical mode of the 
planar waveguide could be transformed into radiation modes in the optical fiber 208. 

Waveguide 200 may be disposed between the planar waveguide of the OIC and the 
optical fiber .208 to facilitate efficient optical coupling therebetween. To this end, as 
described in detail above, the first optical mode of the planar waveguide is physically 
moie confined to the guiding layer of the planar waveguide than the second optical mode 
is in the guiding layer of the optical fiber. That is, the confined mode of the planar 
optical waveguide is smaller than the confined mode of an optical fiber. Accordingly, 
waveguide 200 is useful in efficiently transferring the energy of the first optical mode 
of the planar waveguide into optical fiber 208 by substantially adiabatic expansion of the 
mode. Stated differently, the solution to the wave equation for the planar waveguide is 
a first optical mode. As the supported mode of the planar waveguide traverses the 
waveguide 200 is undergoes a transformation to a second optical mode that is supported 
by a cylindrical optical waveguide (optical fiber 208). 

Advantageously, the transformation of the mode which is supported by the planar 
waveguide, to a mode which is supported by waveguide 200, and ultimately to a mode 
which is supported by optical fiber 208, is substantially an adiabatic transformation. As 
such, transition losses from the planar waveguide to the optical fiber 208 are minimal. 
Illustratively, transition losses are approximately 0.1% or less. Moreover, the second 
region 205 of the waveguide 200 effects both horizontal and vertical transformation of 
the mode. Finally, the above discussion is drawn to the adiabatic expansion of a mode 
in waveguide 200. Of course, from the principle of reciprocity in optics, a mode 
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traveling from optical fiber 208 (-z-direction) to a planar waveguide wold und^o an 
adiabatic compression by identical principles of physics. 

Fig. 2(b) shows a top-view of the waveguide 200 of Fig. 2(a). The guiding layer 203 
of waveguide 200 includes a first region 204 which is coupled to (or is a part of) another 
waveguide, such as a planar waveguide (not shown). The second region 205 is tiie region 
in which the transformation of the mode supported in the planar waveguide into one 
which is supported by another waveguide (e.g. optical fiber 208) occurs. This second 
region 205 includes a lower portion 206 and an upper portion 207. Upon reaching the 
end face 209, the single confined mode is one which is supported by optical fiber 208. 
Accordingly, a significant proportion of the energy of the mode is not lost to radiation 
modes in the optical fiber. In summary, ttie structure of the illustrative embodiment of 
Fig. 2(a) and Fig. 2(b) results in efficient coupling of both the horizontal portion and the 
vertical portion of the optical mode. The structure is readily manufacturable by standard 
semiconductor fabrication techniques. 

As shown in Fig. 2(b), as the guiding layer 203 tapers, the lower portion 206 is at 
a first angle, 8„ relative to the edge of waveguide 203; and the upper portion 207 at a 
second angle, Oj, again relative to the edge of waveguide 203. Illustratively, the angles 
are in tiie range of approximately 0° to approximately 0.5°. Sometimes, it is preferable 
that the angles are in the range of greater than 0" to approximately 0.5°. As can be 
readily appreciated by one having ordinary skill in the art, the greater the angle of the 
taper, the shorter the length of tiie taper. Contirastingly, the smaller the taper angle, the 
longer the length of the taper. As will be described in greater detail herein, a greater 
taper length may require more chip area, which can be disadvantageous firom an 
integration perspective, but may result in a more adiabatic ti:ansformation 
(expansion/compression) of the mode. Ultimately, tiiis may reduce transition losses and 
radiation modes in the second region 205 of the waveguide and the optical fiber 208, 
respectively. FinaUy, it is of interest to note that angle 6„ and die angle 02 are not 
necessarily equal. Illusti-atively, tiie angle Oj may be greater than angle Oj. 

The lengtii of taper of lower portion 206 (shown in Fig. 2(b) as L2) is on the order 
of approximately 100 fim to 1 ,500 Aim. Of course, Fig. 2(b) is not drawn to scale as the 
widtii of tiie waveguide (shown as Wg) is hundreds of times smaller than the lengtii 
of tiie taper portion (e.g. I-IO microns wide). The length of tiie taper of tiie upper portion 
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207 of the waveguide (shown at Lj) is on the order of approximately 100 /im to 
approximately 1,500 /im. As described above, smaller taper angles will result in longer 
taper lengths (L,) and consequently may require more chip surface area, which can be 
less desirable in highly integrated structures. However, the length of the taper (Lj) also 
dictates the efficiency of the mode shaping. To this end, longer tapers may provide more 
efficient mode shaping because the mode transformation is more adiabatic. 

In the illustrative embodiment of Figs. 2(a) and 2(b), the upper portion 207 and the 
lower portion 206 of guiding layer 203 are substantially symmetric about an axis 210 
that bisects the guiding layer 203. As such, the first angle 6^ of the lower portion is the 
same on both sides of the axis 210. Similarly, second angle 62 of upper portion is the 
same on both sides of the axis 210. In the present embodiment in which the upper 
portion 207 and lower portion 206 are symmetric about axis 210, the lengths Li and Lj 
are the same on both sides of the axis 210. 

Finally, as described below, the tapering of the waveguide reduces the width (w J 
of the guiding layer 203, which enables substantially adiabatic expansion/compression 
of the horizontal portion of the mode. At the endface, 209, the width is reduced to a 
width W2 as shown. Illustratively, this width Wa is in the range of approximately 0.5 /zm 
to approximately 2.0 fim. While the embodiment shows that guiding layer 203 
terminates at this width rather abruptly, of course, as in the illustrative embodiment of 
Figs. 1(a) and 1(b), it is possible to continue the guiding layer 203 at the reduced width, 
Wg, for a finite length, which ultimately terminates at an endface. 

Fabrication of the waveguide 200 may be effected by relatively standard 
semiconductor fabrication process technology. Particularly advantageous is the fact that 
the guiding layer 203 may be fabricated of a single layer, illustratively a single layer of 
a single material. To fabricate the device shown illustratively in Fig. 1, a suitable 
material is deposited in a single deposition step. A conventional photolithographic step 
is thereafter carried out, and a conventional etch, such as a reactive ion etching (RIE) 
technique may be carried out to form the waveguide 203 and to define the lower portion 
206. The upper portion 207 may be fabricated by a second conventional 
photolithography/etch sequence. 

Alternatively, a monolithic material may be deposited on layer 202, and in the 
deposition step, the taper in the lower portion 206 of second region 205 may be formed. 

-11- 
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After the deposition step, the guiding layer 203 may be partially etched to form the taper 
in the top portion 207* The top portion 207 can be etched by standard dry or wet etch 
techniques, both isotropically and anisotropically. While the illustrative embodiment 
described thus far is drawn to the guiding layer 203 being formed of a single layer, it is 
clear that this waveguide may be formed of multiple layers of a single material as well. 
To this end, the guiding layer 203 may be comprised of a lower layer which includes the 
lower portion 206 and an upper layer (not shown) which includes the upper portion 207. 
In the technique in which two sequential layers are deposited, the top layer is thereafter 
etched by standard technique to form the taper in the top portion 207 of the second 
region 205 of the guiding layer 203. 

For purposes of illustration, and not limitation, in the illustrative exemplary 
embodiment, the lower cladding layer 202, is silicon dioxide (SiOj) having an index of 
refraction on the order of approximately 1.46. The guiding layer 203 is illustratively 
silicon oxynitride (SiO^Ny), and the upper cladding layer (not shown) is also SiOo. In this 
illustrative example of materials, in the fu:st region 204, guiding layer 203 has a 
thickness (shown at tj in Rg. 2(a)) on the order of approximately 2.0 fim to 
approximately 4.0 ^m. As can be seen in Fig. 2(a), the thickness of guiding layer 203 
reduces from tj to tj. Moreover, as can be seen in Fig. 2(a), at 213 guiding layer 203 has 
a thickness tj, which is the sum of the thickness tj of upper portion 207 and thickness to 
lower portion 206. At section 211, the thickness of guiding layer 203 is reduced to 
which is the thickness of lower portion 206. 

While the taper (reduction of the width, Wg) of the upper portion 207 and lower 
portion 206 results in the adiabatic expansion of the horizontal portion of the confined 
mode, the reduction in the thiclcness from tj to t2 results in the adiabatic expansion of the 
vertical portion of the confined mode. As described above, the reduction of the thickness 
of the guiding layer 203 results in a reduction in the effective index of refraction (n^ff) 
for the vertical portion of the mode. As such, the mode is less confined vertically in the 
guiding layer 203, and is progressively expanded as it traverses the waveguide 200 in 
the +z-direction. At endface 209, the mode is effectively matched to the guiding layer 
characteristics of optical fiber 208. The lower portion 206 has an illustrative thickness 
(tj) in the range of approximately 1.0 /im. to approximately 2.0 /xm. Finally, the upper 
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portion 207 illustratively has a thickness (tj) in the range of approximately 1.0 /xm to 
approximately 2.0 fim. 

Figs. 3(a) and 3(b) show the electric field distribution of the confined mode in the 
first portion 204 of waveguide 200 along the x-axis at a point Zq and along the y-axis at 
5 point Zq, respectively. Stated differently Fig. 3(a) shows the horizontal portion of the 
electric field of the confined mode in first region 204, while Fig. 3(b) shows the vertical 
portion of the electric field of the mode. As can be appreciated, the mode energy is 
particularly confined in the first region 204 of the waveguide 200. Characteristically, this 
is an energy distribution of a supported eigenmode of a planar waveguide (not shown), 

10 which is readily coupled to the first region 204 of waveguide 200 having virtually the 
same physical characteristics as the planar waveguide. 

Figs- 3(c) and 3(d) show the electric field of the confined mode in the second region 
205 of the waveguide 200, particularly near point 212. More particularly. Figs. 3(c) and 
3(d) show the horizontal and vertical portions of the electric field distribution of the 

15 confined mode, respectively, in second region 205 of waveguide 200. As can be seen, 
the supported mode in this portion of waveguide 200 is slightly expanded (less confined 
to the guiding layer 203) compared to the supported mode in the first portion 204. 

Figs. 3(e) and 3(f) show the horizontal and vertical portion of the electric field 
distribution, respectively, of the confined mode at approximately endface 209 of the 

20 second region 205 of waveguide 200. At this point, the electric field distribution of the 
confined mode is significantly greater in both the horizontal direction (Fig, 3(e)) and the 
vertical direction (Fig. 3(f)). The adiabatic transformation of the mode from the 
relatively confined mode of the first region 204 to the relatively expanded mode at 
endface 209 is relatively adiabatic, and results in transition losses which are substantially 

25 negligible. 

A review of Figs. 3(a)-3(f) reveals the adiabatic expansion of the confined mode 
traversing the guiding layer 203 in the +z-direction. As referenced above, the tapers of 
the lower portion 206 and the upper portion 207 result in a reduction in the width, Wg, 
of guiding layer 203. This results in a reduction in tiie effective index of refraction (n^) 
30 for the horizontal portion of the mode. As such, the horizontal portion of the mode is 
less confined to the guiding layer 203. Accordingly, the mode is expanded as it traverses 
tiie waveguide 200. Additionally, the reduction in the thickness of the guiding layer 203 
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from tj to tj results in a reduction in the effective index of refraction (neff) for the vertical 
portion of the mode. As such, the mode is less confined in the guiding layer 203. The 
mode as represented in Figs, 3(d) and 3(f) will be supported by an optical fiber. 

EXAMPLE n 

As described above, the upper portion 207 and lower portion 206 of the guiding 
layer 203 in Example I were substantially symmetric about an axis 210 bisecting the 
guiding layer 203. In the illustrative embodiments of Example n, the upper portion 407 
of the guiding layer 401 may be asymmetric about an axis 413 bisecting the guiding 
layer 401. The lower portion 402 may be symmetric about the axis 413 bisecting the 
guiding layer 401. Alternatively, both the upper portion 407 and the lower portion 402 
may be asymmetric about an axis 413 bisecting the guiding layer 401. The asymmetry 
of either the upper portion 407 of the guiding layer 401 alone or of the upper and lower 
portions 407 of the guiding layer 401 about an axis 413 which bisects the guiding layer 
401 may be beneficial from the perspective of manufacturing and fabrication. 

In the illustrative embodiments described in this example, the asymmetry of the 
taper of either the upper portion 407 or the upper portion 407 and lower portion 401 of 
the guiding layer 401 offers more tolerance during fabrication. To this end, mask 
positioning tolerances are greater when fabricating tapers that are asymmetric. It is of 
interest to note that standard masking and etching steps described in connection with the 
illustrative embodiments in Example I may be used in fabricating the waveguides of the 
illustrative embodiments of the present example. Moreover, as described in connection 
to the illustrative embodiments of Example I, waveguides according to the illustrative 
embodiment facilitate efficient optical coupling between two waveguides by 
adiabatically expanding/compressing an optical mode. Again, waveguides according to 
the exemplary embodiments of Example n illustratively couple optical fibers of an 
optical conmiunication system to planar waveguides of an OIC. 

Turning to Fig. 4(a), a top view of guiding layer 401 of a waveguide is shown. 
Again, a lower cladding layer (not shown) and an upper cladding layer (not shown) may 
be disposed under and over the guiding layer 401, respectively, thereby forming a 
waveguide. The upper and lower cladding layers are substantially the same as described 
in connection with the illustrative embodiments described fully above. A lower portion 
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402 of giiiding layer 401 has a lower portion first taper 403 and a lower portion second 
taper 404. The lower portion first taper 403 is defined by an angle 63 and length 405. The 
length 403 of the lower portion first taper 403 is readily determined by dropping a 
perpendicular to the terminal point of the first taper 403 . Lower portion second taper 404 
5 is defined by an angle O4, a length 406, again defined by dropping a perpendicular to the 
terminal point. An upper portion 407 of guiding layer 401 is disposed on the lower 
portion 402. The upper portion 407 of guiding layer 401 is disposed on the lower portion 
402. The upper portion 407 has an upper portion first tajper 408 which is defined by an 
angle 61 and a length 410, which may be found by dropping a perpendicular fix)m the 

10 temodnal point of upper portion first taper 408. Similarly, an upper portion second taper 
409 of upper portion 407 is defined by angle 82 and a length 411, which is determine by 
dropping a perpendicular firom the terminal point of the taper to the edge of the guiding 
layer 401 as shown. The guiding layer 401 has an illustrative width w^, which decreases 
to a width W2 at endface 410. Section 412 is illustrative, and the endface having reduced 

15 widthwo may be located at the termination of lower portion 402. 

In the illustrative embodiment of Fig. 4(a), an axis 413 bisects the guiding layer 
401, The upper portion 407 is asymmetric about the axis 413. Contrastingly, the lower 
portion 402 is substantially synMnetric about the axis 413. In the illustrative embodiment 
of Fig. 4(a), the angles 63 and 64 are substantially identical. The lengths 405 and 406 of 

20 lower portion first and second tapers 403 and 404, respectively, are substantially 
identical, as well. Advantageously, the constraints on mask location tolerances in 
forming the upper portion 407 of guiding layer 401 are lessened, when compared to the 
embodiments described above where the upper portion is synametric about an axis that 
bisects the guiding layer 401. 

25 As can be readily appreciated, by varying angle 63 of upper portion first taper 403 

and length 405 of lower portion first taper 403 and by vaiying angle of lower portion 
second taper 404 and length 406 of lower portion second taper 404 and by varying angle 
9i of upper portion first taper 408 and length 410 of upper portion first taper 408 and by 
varying angle 62 of upper portion second taper 409 and length 411 of upper portion 

30 second taper 409, a variety of structures for guiding layer 401 may be realized. The 
results may be that the upper portion 407 is asymmetric about axis 413, while the lower 
portion 402 is symmetric about axis 413. Alternatively, both upper portion 407 and 
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lower portion 402 of guiding layer 401 may be asymmetric about axis 400. Some 
illustrative structures are described below* Of course, these are merely exemplary and 
are in no way limiting of the present invention. 

Turning to Fig. 4(b), a top view of an illustrative embodiment of the present 
invention is shown. In the illustrative embodiment of Fig. 4(b), the lower portion 402 
of the guiding layer 401 is substantially symmetric about axis 413. That is, angle 63 is 
substantially identical to angle 64, and the length 405 is substantially the same as second 
length 406. Howev^, angle O2 and length 411 are essentially zero. As such, there is no 
second taper of upper portion 407. Upper portion 407 is substantially defined by Oj and 
length 410. This embodiment is particularly advantageous in that a mask used to define 
the upper portion 407 need be only semi-self-aligning. That is it need only intersect the 
lower portion 402, since the taper of upper portion 407 is one-sided and terminates at 
a point at the edge of lower portion 402. This absence of a second taper results in a 
lower need for accuracy in mask alignment. 

Turning to Fig. 4(c), another illustrative embodiment of the present invention is 
shown. Guiding layer 401 includes lower portion 402 and upper portion 407. In this 
illustrative embodiment, angles Oi and 64 are essentially zero. Upper portion 407 
includes upper portion second taper 409 having a taper length 41 1. Lower portion 402 
has a first taper 403 having a taper length 405. 

According to this illustrative embodiment, both the upper portion 407 and the lower 
portion '402 are asymmetric about axis 413 that bisects the guiding layer 401. 

Turning to Fig. 4(d), another illustrative embodiment of the present invention is 
shown. Guiding layer 401 includes lower portion 402 and upper portion 407. In this 
illustrative embodiment, angles 6j and 64 are essentially zero. Upper portion 407 
includes upper portion second taper 409 having a taper length 411. Lower portion 402 
has a first taper 403 having a taper length 405. 

According to this illustrative embodiment, both the upper portion 407 and the lower 
portion 402 are asymmetric about axis 413 that bisects the guiding layer 401. 

Turning to Fig. 4(d), another illustrative embodiment of the present invention is 
shown. In this illustrative embodiment, both the lower portion 402 and the upper portion 
407 of the guiding layer 401 are asymmetric about an axis 413 that bisects the guiding 
layer 401. Again, angles 63 and 63 in conjunction with lengths 410 and41 1, may be used 
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to define the taper of upper portion 407. Similarly, the angle 63 and length 405 may be 
used to define the taper of the lower portion 402 of guiding layer 401. 

As can be readily appreciated from a review of the illustrative embodiments of 
Example the guiding layer may be of a variety of structures. The embodiments 
S described are merely exemplary of the waveguide of the present invention. As such, 
these exemplary embodiments are intended to be illustrative and in no way linodting of 
the invention. 

EXAMPLE m 

In the present example, other illustrative embodiments of the present invention are 

10 described. These illustrative embodiments may incorporate the principles of symmetry 
and asymmetry of the guiding layer as described above. Moreover, many of the 
fabrication techniques described in connection with the illustrative embodiments of 
Examples I and n may be used. 

Fig. 5 shows a perspective view according to another illustrative embodiment of the 

15 present invention. A waveguide 500 includes a lower cladding layer 502. The lower 
cladding layer 502 may be disposed on a substrate 501. A guiding layer 503 is disposed 
on the lower cladding layer 502. An upper cladding layer (not shown) may be disposed 
on the guiding layer 503. In the embodiment shown in Fig, 5, the lower portion 507 of 
the guiding layer 503 is a dii^used guiding layer. In the particular embodiment shown 

20 in Fig. 5, the lower portion 507 is illustratively a TiLiNbOs waveguide. The top portion 
506 of waveguide 503 is a material having an index of refraction that is substantially the 
same as that of the lower portion 507 (the diffused waveguide). Advantageously, the 
embodiment shown in Fig. 5 is useful because diffused guiding layers are often wider 
(along X axis) than they are deep (along y axis). The second region 505 of the top portion 

25 506 is tapered in a manner similar to that shown in previous embodiments, for example 
that of Fig. 1. The top portion 506 of the second region 505 is useful in providing both 
vertical and horizontal mode transformation. 

Turning to Fig. 6, another illustrative embodiment of the present invention is 
shown. In this illustrative embodiment waveguide 600 has a second region 605 that 

30 illustratively includes three layers. Of course, this is merely illustrative, and more layers 
are possible. The substrate 601 has a lower cladding layer 602 disposed thereon. The 
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guiding layer 603 has a first region 604 and a second region 605. The second region 605 
has a lower portion 606 and an intermediate portion 607 and a top portion 610, An upper 
cladding layer 611 (not shown) naay be disposed over guiding layer 603. Again, a 
waveguide couples to the end face 608; and illustratively the waveguide is an optical 
5 fiber (not shown). In the illustrative embodiment shown in Fig. 6, the second region 605 
is symmetric about an axis 609 which bisects the lower portion 606. The fabrication 
sequence and materials are substantially the same in the embodiment shown in Fig. 6. 
Of course, a third photolithography/etching step would have to be carried out in the 
embodiment in wliich one layer of material is deposited to form the guiding layer 603. 
10 Of course, multiple depositions of the same material could be carried out in a manner 
consistent with that described in connection with Fig. 1. Thereafter, a sequence of 
photolithographic and etching steps would be carried out to realize the lower portion 
606, intermediate portion 607 and top portion 610 of the second region 605. 

15 EXAMPLE IV 

The illustrative embodiments described so far have included configurations 
particularly suited for coupling to a channel waveguide. In addition, however, as 
provided in the embodiments of this example, the present invention is equally well- 
suited to coupling to a rib waveguide. In this regard, embodiments of this example 

20 include a waveguide end which has a cross-sectional shape compatible with that of a rib 
waveguide, as shown for example, in Fig. 7(b). 

Turning to Figs. 7(a)-(c) in more detail, a waveguide 700 is shown which includes 
a guiding layer 703 which has two wings 750 extending outwardly from the guiding 
layer 703 at an endface 710 of the waveguide 700. The waveguide 700 includes a lower 

25 cladding layer 702 on which the guiding layer 703 is disposed. An upper cladding layer 
(not shown) may be disposed on the guiding layer 703 in a similar manner as described 
for the above embodiments. The upper cladding layer may have the same index of 
refraction as the lower cladding layer 702. Alternatively, the upper cladding layer may 
have a higher (or lower) index of refraction than that of the lower cladding layer 702. 

30 The guiding layer 703 has an index of refraction, ng, which is greater than the indices of 
refraction of both the upper cladding layer and lower cladding layer 702. The guiding 
layer 703 includes an upper portion 707 and a lower portion 706 which may have the 
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same configuration as that of the above embodiments. For example, the upper and lower 
portions 707, 706 may be tapered in a manner similar to that shown in previous 
embodiments, for example that of Fig. 1. Alternatively, the guiding layer 703 may be 
provided without tapers. 

Each wing 750 may be formed of the same material as the lower portion 706 as well 
as the upper portion 707 to provide a single material structure, as illustrated in the end 
view of Fig. 7(b). Alternatively, one or both of the wings 750 may comprise a material 
different from that of lower portion 706 and/or upper portion 707. Each wing 750 has 
a width, w^, and thickness, t^, at the endface 710 so that the combined structure of the 
guiding layer 703 and the wings 750 has the cross-sectional shape of a rib waveguide. 
As such, the portion of the waveguide 700 at the rib end 710 is well-suited to coupling 
to a rib waveguide, such as one provided on an OIC. The thickness, tj, of the wings 750 
may be the same as that of the lower portion 706 or may be different from that of the 
lower portion 706. 

As seen in Figs. 7(a) and 7(c), the wings 750 decrease in width along the length of 
the guiding layer 703 to convert a mode in the waveguide 700 from a rib waveguide 
mode at endface 710 to a channel waveguide mode at the opposing endface 709 of the 
waveguide 700 (or vice versa depending on the direction of propagation in the 
waveguide 700). That is, as the width of the wings 750 decrease, energy of an optical 
mode contained in the wings 750 is transferred into the guiding layer 703, which has a 
cross-sectional shape of a channel waveguide. To assist in the transference of energy 
between the guiding layer 703 and the wings 750, the thickness, tj, of the wings 750 may 
decrease along the length of the guiding layer 703 from a maximum value at the endface 
710, as illustrated in Fig. 7(d). 

The rate at which the wing width, w^, decreases is controlled by the choice of the 
wing angle, 6^, shown in Fig. 7(c), which in turn dictates how adiabatic the mode 
transformation may be. In particular, a wing angle, 6^, of 1* or less may be sufficiently 
small to provide for adiabatic mode transformation from a rib mode to a channel mode. 
As illustrated, each wing 750 may have the same wing angle, 6^. Alternatively, each 

■ 

wing 750 may have differing wing angles, 0^. In addition, the wing angles, may have 
a value less than that or greater than that of the taper angle, S,, of the lower portion 706. 
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Alternatively, the wing angle, 9^, may have a value equal to the taper angle, 61, of the 
lower portion 806, as illustrated in the embodiment of Fig. 8(a). 

The waveguide 800 of Fig, 8(a) illustrates a top view of another exemplary 
embodiment of a winged waveguide, which is similar in many respects to the 
embodiment of Figs. 7(a)-(d). The waveguide 800 includes a guiding layer 803 which 
has two wings 850 extending outwardly from the guiding layer 803 at an endface 810 
of the waveguide 800. The waveguide 800 includes a lower cladding layer 802 on which 
the guiding layer 803 is disposed. An upper cladding layer (not shown) may be disposed 
on the guiding layer 803 in a similar manner as described with regard to the waveguide 
700. The guiding layer 803 includes an upper portion 807 and a lower portion 806, 
which may be similar to corresponding structures shown in the above embodiments. In 
the embodiment of Pig. 8(a), however, the wing angle, 6^, has the same value as the 
taper angle, Oj. In addition, the wings 850 optionally have a length, 1^, that extends from 
die endface 810 to the taper point 852 where the lower portion taper begins. 
Accordingly, for such a configuration of the wings 850 and lower portion 806, the wing 
sidewalls 851 and the taper sidewalls 817 of the lower portion taper are coplanar. Such 
a configuration of a waveguide 800 also provides for mode conversion between a rib 
waveguide mode and a channel waveguide mode. 

In a further exemplary embodiment similar to that of Fig, 8(a), the wing angle, 0^, 
may be greater than the lower portion taper angle, Oj, as illustrated in the waveguide 860 
of Fig. 8(b). Like the waveguide 800, the waveguide 860 includes a guiding layer 863 
which has two wings 880 extending outwardly from the guiding layer 863 at an endface 
870 of the waveguide 860. The waveguide 860 includes a lower cladding layer 862 on 
which the guiding layer 863 is disposed. An upper cladding layer (not shown) may be 
disposed on the guiding layer 863 in a similar manner as described with regard to the 
waveguide 800. The guiding layer 863 includes an upper portion 867 and a lower portion 
866, which may be similar to corresponding structures shown in the above embodiments. 
In the embodiment of Fig. 8(b), the wing angle, 6^, has a larger value than the taper 
angle, Op In addition, the wings 880 optionally have a length, 1^, that extends from the 
endface 810 to the taper point 854 where tiie lower portion taper begins. like the 
embodiment of Fig. 8(a), the waveguide 860 also provides for mode conversion between 
a rib waveguide mode and a channel waveguide mode. 
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Turning now to the exemplary embodiment of Fig, 9, still another configurMion of 
a waveguide 900 in accordance with the present invention is illustrated. The waveguide 
900 is similar in several respects to the waveguide 800 of Fig. 8(a). like the waveguide 
800, the waveguide 900 includes a guiding layer 903 which has two wings 950 
5 extending outwardly from the guiding layer 903 at an endf ace 9 10 of the waveguide 900. 
The waveguide 900 includes a lower cladding layer 902 on which the guiding layer 903 
is disposed. An upper cladding layer (not shown) may be disposed on the guiding layer 
903 in a sin[iilar manner as described with regard to the waveguide 800. The guiding 
layer 903 includes an upper portion 907 and a lower portion 906, similar to the 

10 corresponding structures shown in Fig. 8(a). In particular the wing angle has the same 
value as the taper angle so that the wing sidewaUs and the taper sidewalls of the lower 
portion taper are coplanar. However, unlike the waveguide 800, the upper portion 907 
of the waveguide 900 has a widtii, w^, which at all points along a length of the 
waveguide 900 is less than the width across the lower portion 906 and the wings 950. 

15 Regarding the fabrication of the waveguides, standard masking and etching steps 

as described in connection with the illustrative embodiments in Examples I-in may be 
used in fabricating the waveguides of the present example. As such, a sequence of 
photolithographic and etching steps would be carried out to realize the lower portion 
706, 806, 906, wings, 750, 850, 950, and upper portions 707, 807, 907. 

20 In the foregoing examples, waveguides have been described as being made with 

tapers that vary in horizontal widtfi, that is, width that changes in the direction of the 
plane of the substrate that the waveguide is fabricated on. This is an advantage of the 
invention, for while waveguides with vertical taper could also be fabricated as an 
embodiment of the present invention, these may be much more difficult to manufacture. 

25 In addition, while the tapered sections have been illustrated as having planar walls, the 
tapered sections could also have arcuate walls to provide a curved taper. 

These and other advantages of the present invention will be apparent to those 
skilled in the art from the foregoing specification. Accordingly, it will be recognized by 
those skilled in tlie art that changes or modifications may be made to the 

30 above-described embodiments without departing from the broad inventive concepts of 
the invention. It should therefore be understood that this invention is not limited to the 
particular embodiments described herein, but is intended to include all changes and 

-21- 



wo 03/050580 PCT/US02/38553 

modifications that are within the scope and spirit of the invention as set forth in the 
claims. 
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Claims 

What is claimed is: 

1. An optical device comprising a single-mode waveguide which supports a first 
optical mode in a first region and a second optical mode in a second region, the 
waveguide including a guiding layer having at least one wing extending outwardly from 
the guiding layer. 

2. An optical device as recited in claim 1 , wherein the guiding layer comprises a single 
material. 

3. An optical device as x-ecited in claim 1, wherein the guiding layer and wing 
comprise a single material. 

4. An optical device as recited in claim 1, wherein the wing comprises a different 
material than the guiding layer. 

5 . An optical device as recited in claim 1 , wherein the at least one wing comprises two 
wings that disposed on opposing sides of the guiding layer, 

6. An optical device as recited in claim 5, wherein the wings are symmetrically 
disposed on opposing sides of the guiding layer. 

7. An optical device as recited in claim 5 , wherein the waveguide has a rib waveguide 
cross-sectional shape at the wings. 

8. An optical device as recited in claim 5, wherein the wings are disposed at an end 
of the waveguide. 

9. An optical device as recited in claim 1, wherein the wing is disposed at an end of 
the waveguide. 
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10. An optical device as recited in claim 1» wherein the wing decreases in thickness 
along the length of the guiding layer. 

11. An optical device as recited in claim 1 , wherein the guiding layer comprises a lower 
portion with a first taper. 

12. An optical device as recited in claim 1 1, wherein the wing has a thickness equal to 
the thickness of the low^ portion. 

13. An optical device as recited in claim 11, wherein the wing has a thickness greatCT 
than the thickness of the lower portion. 

14. An optical device as recited in claim 1 1 , wherein the wing has a thickness less than 
the thickness of the lower portion. 

15. An optical device as recited in claim 11, wherein the guiding layer comprises an 
upper portion with a second taper. 

16. An optical device as recited in claim 15, wherein the second taper tapers to a point. 

17. An optical device as recited in claim 1 5, wherein the first taper is at a first angle and 
the second taper is at a second angle. 

18. An optical device as recited in claim 17, wherein the first angle is in the range of 
approximately O"" to approximately 0.5°. 

19. An optical device as recited in claim 17, wherein the second angle is in the range 
of approximately 0° to approximately 0.5°. 

20. An optical device as recited in claim 15, wherein the guiding layer comprises an 
intermediate portion having a third taper, the intermediate portion disposed between the 
lower portion and the upper portion. 
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21. An optical device as recited in claim 15, wherein the upper portion adiabaticaily 
transforms a vertical portion of the first optical mpde. 

22. An optical device as recited in claim 15» wherein the upper portion is symmetric 
about an axis which bisects the lower portion. 

23. An optical device as recited in claim 15, wherein the upper portion is asymmetric 
about an axis which bisects the lower portion. 

24. An optical device as recited in claim 1, wherein the guiding layer is a single layer. 

25. An optical device as recited in claim 1 , wherein the second region terminates at an 
endf ace, and wherein the guiding layer has a first width in the first region and a second 
width at the endf ace. 

26. An optical device as recited in c]aim 1 , wherein the second region terminates at an 
endface, and the guiding layer has a first thickness in the first region and a second 
thickness at the endface. 

27. An optical device as recited in claim 26, wherein the first thickness is 
approximately 2.0 micrometers to approximately 4.0 micrometers, and the second 
thickness is approximately 1.0 micrometers to approximately 2.0 noicrometers. 

28. An optical device as recited in claim 1, wherein the guiding layer has a width and 
. the width decreases from a first width to a second width, 

29- An optical device as recited in claim 1, wherein the guiding layer has a thickness 
and the thickness decreases from a first thickness to a second thickness. 
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